Traditional crosslinked polyester elastomers are inherently weak, and the strategy of increasing crosslink density to improve their mechanical properties makes them brittle materials. Biodegradable polyurethanes, although strong and elastic, do not fare well in dynamic environments due to the onset of permanent deformation. The design and development of a soft, strong and completely elastic (100% recovery from deformation) material for tissue engineering still remains a challenge. Herein, we report the synthesis and evaluation of a new class of biodegradable elastomers, crosslinked urethane-doped polyesters (CUPEs), which is able to satisfy the need for soft, strong, and elastic biomaterials. Tensile strength of CUPE was as high as 41.07 AE 6.85 MPa with corresponding elongation at break of 222.66 AE 27.84%. The initial modulus ranged from 4.14 AE 1.71 MPa to 38.35 AE 4.5 MPa. Mechanical properties and degradation rates of CUPE could be controlled by varying the choice of diol used for synthesis, the polymerization conditions, as well as the concentration of urethane bonds in the polymer. The polymers demonstrated good in vitro and in vivo biocompatibilities. Preliminary hemocompatibility evaluation indicated that CUPE adhered and activated lesser number of platelets compared to PLLA. Good mechanical properties and easy processability make these materials well suited for soft tissue engineering applications. The introduction of CUPEs provides new avenues to meet the versatile requirements of tissue engineering and other biomedical applications.
Introduction
The healthy growth and development of native soft tissues such as vasculature, cardiac tissue, bladder, and cartilage is predominantly dependent on biochemical and mechanical interactions between cells and the underlying extracellular matrix (ECM) [1] [2] [3] . For cells seeded on a synthetic scaffold used for soft tissue engineering, the scaffold must provide cues similar to those between the cells and the native ECM. One strategy aimed at fulfilling this requirement involves the use of scaffolds, which are analogous to the ECM of the target tissue in terms of its mechanical, physical, and chemical properties. To better mimic the ECM and transfer mechanical stimulation from the tissue surroundings to the seeded cells, the scaffold has to be soft and elastic, so that they are able to sustain and recover from cyclic deformations which are characteristic of these mechanically active tissues.
In the search for an ideal scaffold material for soft tissue engineering, numerous synthetic biodegradable elastomeric polymers have been synthesized [4] [5] [6] [7] [8] [9] [10] [11] . Elastomers such as poly(diol citrates) and poly(glycerol sebacate) (PGS) have received much attention recently [4, 12] . These elastomers are polymer networks comprising aliphatic polyester chains bonded to each other by ester crosslinks. They are soft and elastic (100% recovery from deformation) with excellent cell/tissue compatibility. Although these polyester elastomer scaffolds have been proposed for engineering tissues like nerve guides [13] [14] [15] and small diameter blood vessels [16] , their success in in vivo tissue engineering is still not proven. They are weak and hence, unsuitable for engineering tissues like ligaments, which are characterized by high tensile strength and load bearing abilities. For example, the human anterior cruciate ligament has a ultimate tensile strength of at least 38 MPa [17] , which is much stronger that that of poly(diol citrates) (up to 11.15 AE 2.62 MPa). In addition to matching the properties of the target tissue, an ideal tissue engineering scaffold should also possess sufficient mechanical strength to support surgical handling soon after initial cell seeding. These stringent requirements on mechanical properties must be taken into consideration when designing scaffolds for tissue engineering. The tensile strength of poly(diol citrates) and PGS films varies from 11.15 AE 2.62 MPa to 0.5 AE 0.2 MPa, respectively. However, when these materials are fabricated into porous scaffolds, they lose mechanical strength significantly. For example, poly(1,8-octanediol citrate) (POC), one of the members of the poly(diol citrates) family, underwent a significant loss in mechanical properties, with the peak stress of the material dropping from 2.93 AE 0.09 MPa (film) to 0.3 AE 0.1 MPa (scaffold) upon scaffold fabrication [16] . Although the strength and stability of these network polyesters like poly(diol citrates) and PGS can be improved substantially by increasing the crosslinking density, such an approach would also compromise its elasticity and make the material more brittle. As one can expect a significant loss of mechanical strength when polymers are fabricated into porous scaffolds, it is important that the polymers used for scaffold fabrication should be strong enough to allow room for potential reduction of mechanical strength. Currently, no biodegradable polyester elastomeric scaffold can mechanically function for immediate implantation. The development of a soft, strong and totally elastic biodegradable elastomer, therefore, remains a challenge in the field of biomaterial science.
Biodegradable polyurethanes (BPUs) are another class of elastic biomaterials that have been developed for soft tissue engineering applications [18] [19] [20] [21] [22] . These polymers have good mechanical strength (up to 29 MPa tensile strength) and elasticity (up to 895% elongation). However, due to their aliphatic nature BPUs are susceptible to permanent creep under cyclic mechanical loading. Therefore, the potential long-term success of polyurethanes as scaffold materials for dynamic tissues like blood vessels and ligaments is still questionable.
In this work, we report the synthesis and characterization of a new class of crosslinked polyester elastomer networks. This class of polymers termed crosslinked urethane-doped polyesters (CUPEs) combines the advantages of fully elastic (100% recovery) and biocompatible/hemocompatible crosslinked polyester networks with mechanically strong polyurethanes. The previously developed poly(diol citrates) have excellent elasticity with 100% recovery from deformation due to the crosslinking nature of the polymers. The high mechanical strength of polyurethanes primarily stems from the strong hydrogen bonding between inter-chain urethane bonds. Taken together, the rationale behind CUPE synthesis is: (1) crosslinking confers excellent elasticity to CUPEs; (2) ester bonds confer degradability to CUPEs, all the crosslinks of the polymer's network consist of ester bonds to ensure a degradable crosslinked polymer network; (3) introduction of urethane bonds into the polyester chains between ester crosslinks enhances the hydrogen bonding within the polyester network thus significantly improving mechanical strength of the CUPE network. In this work, we describe the synthesis and characterization of the new CUPE polymers. Both in vitro and in vivo models were used to assess the biocompatibility of CUPEs. The hemocompatibility of CUPE was studied with respect to its interactions with human blood.
Materials and methods
All chemicals, cell culture medium and supplements were purchased from Sigma-Aldrich (St. Louis, MO), except where mentioned otherwise. LIVE/DEAD Viability/Cytotoxicity Kit was purchased from Invitrogen (Carlsbad, CA). All chemicals were used as-received.
CUPE synthesis
CUPE synthesis was carried out in three distinct steps (Fig. 1). Step 1 involved the synthesis of the POC pre-polymer. POC was synthesized as per previously published methods with slight modifications [23] . Briefly, citric acid and 1,8-octanediol, with a monomer ratio of 1:1.1, were bulk polymerized in a three-necked reaction flask, fitted with an inlet and outlet adapter, at 160-165 C. Once the mixture had melted, the temperature was lowered to 140 C, and the reaction mixture was stirred for another 60 min to create the POC pre-polymer. The pre-polymer was purified by drop wise precipitation in deionized water. Undissolved pre-polymer was collected and lyophilized to obtain the purified POC pre-polymer. The average molecular weight of pre-POC was characterized as 850 Da by Matrix assisted laser desorption/ ionization mass spectroscopy (MALDI-MS) which was done using an Autoflex MALDI-TOF Mass Spectrometer (Bruker Daltonics, Manning Park, MA). Chain extension of the POC pre-polymer to obtain pre-CUPE was done in Step 2. Purified pre-POC was dissolved in 1,4-dioxane to form a 3% (wt/wt) solution. The polymer solution was reacted with 1,6-hexamethyl diisocyanate (HDI) in a clean reaction flask under constant stirring, with stannous octoate as catalyst (0.1% wt). Different pre-CUPE polymers were synthesized with different feeding ratios of pre-POC:HDI (1:0.6, 1:0.9 and 1:1.2, molar ratio). The system was maintained at 55 C throughout the course of the reaction. Small amounts of the reaction mixture were removed at 6-h intervals and subjected to Fourier transform infrared (FT-IR) analysis. The reaction was terminated when the isocyanate peak at 2267 cm À1 disappeared. In step 3, the pre-CUPE solution was cast into a Teflon mold and allowed to dry in a chemical hood equipped with a laminar airflow until all the solvents had evaporated. The resulting pre-CUPE film was moved into an oven maintained at 80 C for pre-determined time periods to obtain crosslinked urethane-doped polyester (CUPE). The synthesis procedure was repeated with poly(ethylene glycol) (PEG) (M w ¼ 200) by replacing all or part of 1,8-octanediol as the diol portion. This class of CUPEs was abbreviated as CA-PEGUX/Y, where CA-PEGU refers to citric acid-PEGurethane, X/Y denotes the molar ratio of 1,8-octanediol to PEG used in the synthesis. For example, CA-PEGU8/3 indicates that 0.08 mol of 1,8-octanediol and 0.03 mol of PEG were reacted with 0.1 mol of citric acid. The molar ratio of the CA-PEGU prepolymer:HDI was maintained at 1:0.9 for all the different variants.
Polymer characterization
Fourier transform infrared (FT-IR) spectra were obtained using a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific) at room temperature. A dilute solution of CUPE and POC pre-polymers in 1,4-dioxane (3% wt/wt) was cast on KBr crystals and allowed to dry for 12 h under vacuum before being used to obtain the spectra. Attenuated total reflectance spectroscopic analysis was performed using an IRAffinity-1 ATR spectrometer (Shimadzu Corp, Japan) on solvent cast CUPE and POC films which had been polymerized in an 80 C oven for 2 days.
Differential Scanning Calorimetry (DSC) using a DSC2010 Differential Scanning Calorimeter (TA Instruments, New Castle, DE) and Thermogravimetric Analysis (TGA) using an SDT2960 Simultaneous DSC-TGA (TA Instruments, New Castle, DE) were used to characterize the thermal properties of different CUPE polymers. For DSC, the polymer samples were scanned to 150 C under nitrogen with a step size of 10 C/min, followed by cooling at a rate of À40 C/min, until a temperature of À60 C was achieved. Readings were then taken during a second heating scan from À60 C to 230 C, with a constant heating rate of 10 C/min. The glass transition temperature T g was determined from the middle of the recorded step change in heat capacity from the second heating run. For TGA, the polymer samples were heated at a rate of 10 C/min from 50 C to 600 C, in an atmosphere of nitrogen gas. The temperature, at which 10% loss of the initial weight occurred, was recorded as the decomposition temperature T d .
Mechanical testing was conducted with an MTS Insight 2 machine fitted with a 500 N load cell. The CUPE films were cut into a dog bone shape, as per ASTM D412a (25 Â 6 Â 1.5 mm, length Â width Â thickness). The deflection rate was adjusted to 500 mm/min. Samples were elongated to failure. The initial modulus was calculated by measuring the gradient at 10% of elongation of the stress-strain curve. Five specimens per sample were tested and averaged.
The density of the different polymers was measured by the fluid displacement method using a density measurement kit (Mettler Toledo, Columbus, OH). The auxiliary liquid used was deionized water.
Crosslink density and molecular weight between crosslinks were evaluated according to the theory of rubber elasticity [4, 5] .
where N is the number of moles of active network chains per unit volume, E 0 is the initial modulus of the polymer, R stands for the universal gas constant, T represents the absolute temperature, r is the density of the polymer and M c is the relative molar mass between crosslinks. Water in air contact angle measurements were made on CUPE thin films by sessile drop method, using a KSV101 Optical Contact Angle and Surface Tension Meter (KSV Instruments Inc. Helsinki, Finland). Readings were collected within 10 s after dropping. Eight readings were collected from different regions on the CUPE films.
In vitro degradation
Degradation studies were conducted in both phosphate buffered saline (PBS) (pH 7.4) and NaOH solutions (0.01 M and 0.05 M). NaOH degradation was used to screen the polymer degradation in a relatively short period of time [5] . The polymer films were cut into 7 mm discs using a cork borer. The initial weights of the samples were noted, and they were placed in test tubes containing 10 ml of either PBS or NaOH and incubated at 37 C for the period of the study. At pre-set time points, the samples were removed and washed thoroughly with deionized water (3 times) to remove any residual salt. The samples were then lyophilized for 3 days to remove traces of water and weighed. Degradation was measured by determining the mass loss of the sample over the period of the study, as shown in Eq. (2) In step 2, 1,6-hexamethyl diisocyanate was used to extend the pre-POC chain. In step 3, the pre-CUPE was post-polymerized to obtain CUPE network.
represents the initial weight of the specimen and W t represents its weight after it has been degraded.
Mass lossð%Þ
¼ W 0 À Wt W 0 Â 100 (2)
Scaffold fabrication
Both particulate leaching and thermal induced phase separation (TIPS) methods were used to fabricate CUPE scaffolds. Sodium chloride salt (99% purity) with an average size in the range of 150-250 mm was used as the porogen in the particulate leaching technique. Briefly, 3% (wt/wt) solution of CUPE1.2 in 1,4-dioxane was mixed with sodium chloride salt (150-250 mm) in a 1:9 ratio of CUPE to salt (by weight).
The slurry obtained was mixed thoroughly, until it became a viscous paste, and was then cast into Teflon molds. The Teflon molds were kept overnight in a vacuum oven, to aid solvent evaporation. The dried scaffolds were polymerized in an oven maintained at 80 C for 4 days. The salt in the scaffold was leached out by immersion in DI water for 48 h. Finally, the scaffolds were freeze dried for three days to remove any traces of water. These scaffolds were used for subsequent in vivo foreign response studies.
Thin CUPE scaffold sheets were fabricated by a thermal induced phase separation (TIPS) method with minor modifications [24] [25] [26] [27] . Briefly, 3% solutions of pre-CUPE (wt/wt) in 1,4-dioxane were cast into Teflon molds. The molds with the polymer solution were immediately transferred to a À80 C freezer. The frozen polymer solution was freeze dried for 4 days to obtain porous pre-CUPE scaffolds. The resulting pre-CUPE scaffolds were further polymerized in an oven (80 C, 2 days) to obtain CUPE scaffolds. Scanning electron microscopy (SEM) was utilized to study the morphology and pore structure of the obtained scaffolds.
In vitro cell culture
Cytotoxicity of CUPE was evaluated in vitro using both qualitative and quantitative methods. CUPE1.2 was used for all cytotoxicity evaluation studies. The CUPE films and TIPS fabricated scaffolds were cut into discs (7 mm) and sterilized by treatment with 70% ethanol for 30 min, followed by another 30 min of UV light exposure. NIH 3T3 fibroblasts and human aortic smooth muscle cells (HASMCs) were used as model cells for cytotoxicity evaluation. The cells were cultured in 75 cm 2 tissue culture flasks with Dulbecco's modified eagle's medium (DMEM), which had been supplemented with 10% fetal bovine serum (FBS). The culture flasks were kept in an incubator maintained at 37 C, 5% CO 2 and 95% humidity. The cells were trypsinized, centrifuged and suspended in media to obtain a seeding density of 3 Â 10 5 cell/ml for the films. A seeding density of 8 Â 10 5 cell/ml was used for seeding on the scaffolds. 200 ml of the cell suspension was added on top of the polymer specimens in the culture dishes. After 1 h of incubation at 37 C, 5 ml of media was added to each culture dish. After 3 days and 6 days in culture for the films and scaffolds, respectively, the cells were fixed by addition of 5 ml of 2.5% (wt/v) glutaraldehyde-PBS solution. The fixed film and scaffold specimens were sequentially dehydrated by treatment with a graded series of ethanol (50%, 75%, 95%, and 100%), freeze dried and then sputter coated with silver. SEM examination was carried out on a Hitachi 3000N SEM to observe the morphology of the cells on the CUPE surface. Cell seeded scaffolds were also stained using a LIVE/DEAD assay kit (LIVE/DEAD Viability/Cytotoxicity Kit, Invitrogen, Carlsbad, CA) and observed under a fluorescence microscope. Quantitative assessment of cell growth and proliferation on CUPE1.2 films was done using the Methylthiazoletetrazolium (MTT) cell proliferation and viability assay. CUPE films were cut into discs (7 mm diameter) and placed in a 96-well plate. PLLA films were used as a relative control. HASMCs were seeded on the CUPE and PLLA films as per the aforementioned seeding protocol. Three time points were used for the MTT Assay analysis (1, 3, and 5 days). At the end of each time point, the assay was performed as per the manufacturer's protocol. Briefly, the old media was aspirated, and each specimen was thoroughly washed 3 times with PBS to remove any loosely attached cells and dead cells. 100 ml of incomplete media (DMEM without serum) was added to these specimens. 10 ml of 3-(4,5-dimethylthiazol-2yl)-diphenyltetrazolium bromide solution was then added to the wells containing the cells and the blanks, and they were incubated at 37 C for 3 h. At the end of incubation period, the mixture of the MTT solution and incomplete media was aspirated and replaced with 100 ml of MTT solvent. Dissolution of formazan crystals was facilitated by constantly agitating the well plate on an orbital shaker for 15 min. Absorbance was analyzed with an Infinite200 microplate reader (Tecan Group Ltd., Switzerland) at 570 nm, with a reference wavelength of 690 nm, within 30 min of MTT solvent addition.
Foreign body response
CUPE1.2 was used in order to evaluate the in vivo response to the polymer. Both films and salt-leached scaffold forms of CUPE and PLLA samples (as relative control) were used. The films and scaffolds were cut into discs (10 mm diameter, and 1 mm thickness), and then implanted subcutaneously in the back of healthy, female Sprague Dawley (SD) rats (Harlan Sprague Dawley, Inc., Indianapolis, IN). Animals were cared for in compliance with regulations of the animal care and use committee of University of Texas at Arlington. Briefly, the discs were first sterilized by treatment with 75% ethanol for 30 min followed by treatment under UV light for another 30 min. 24 SD rats were divided into groups of 4 rats each for the different time points of the study. The rats were anesthetized in a chamber through which an isofluorane-oxygen mixture was passed. Test samples were randomly implanted in the upper or lower back of the rats by blunt dissection. At the end of each time point, the rats were sacrificed and the implant and surrounding tissue were frozen in OCT embedding media (Polysciences Inc., Warrington, PA) at À80 C for histological analyses. To assess the tissue responses to film and scaffold implants, tissue sections were hematoxylin & eosin (H&E) stained. Images of stained sections were taken at 10Â magnifications using a Leica DMLP microscope fitted with a Nikon E500 camera (Nikon Corp. Japan). Three images per section were collected from different parts of the section for analysis. A total of three sections per animal were examined in this manner. Fibrous capsule thickness was measured in each of the images using the Image J analysis software. At least 25 readings from different parts of the images were collected and averaged to determine the capsule thickness.
Platelet adhesion
All methods related to collection and handling of whole blood and blood components like plasma and platelets were approved by the Institutional Review Board at the University of Texas at Arlington. Acid citrate dextrose (ACD) anticoagulant containing tubes were used to collect blood drawn from healthy individuals by venipuncture. Platelet-rich-plasma (PRP) was prepared using methods previously described in literature [12] . Briefly, whole blood was centrifuged at 250g for 15 min to separate the blood components. Using a sterile transfer pipette, the clear supernatant containing the PRP was collected for platelet adhesion studies. All hemocompatibility studies were conducted on CUPE1.2.
Platelet adhesion to the different polymer surfaces was examined by SEM. 200 ml of PRP was added on top of the PLLA and CUPE discs (7 mm diameter). After 1 h of incubation at 37 C, PRP was aspirated and the samples were rinsed thoroughly with phosphate buffered saline (PBS) 3 times to remove any loosely adhered and unattached platelets. The adhered platelets were fixed using 2.5% glutaraldehyde-PBS solution, sequentially dehydrated in a graded series of alcohol (50%, 75%, 90% and 100%) and lyophilized. The samples were sputter coated with silver and examined using SEM. Three specimen discs of each polymer were prepared for SEM observation.
Quantitative assessment of adherent platelets was done using the lactate dehydrogenase (LDH) assay as previously described [12, 28] . Polymer samples were incubated and washed as per the aforementioned procedure for SEM sample preparation. The samples were then treated with 2% Triton-PBS buffer for 30 min at 37 C to lyse the adhered platelets. 100 ml of LDH assay substrate was added to the platelet lysate and incubated for 30 min at 37 C in darkness. 0.1 N of HCl was added to stop the reaction at the end of the incubation period. Optical density was measured at 490 nm with a reference wavelength of 650 nm.
Platelet activation
Platelet activation was assessed by measuring the expression of P-selectin on platelet plasma membrane [29, 30] . Briefly, CUPE, PLLA, and TCP samples were treated with 200 ml of PRP for 1 h at 37 C. 5 ml of the material exposed PRP was incubated with 20 ml phycoerythrin (PE)-conjugated mouse anti-human CD42a monoclonal antibodies and 20 ml allophycocyanin (APC)-conjugated mouse antihuman CD62p monoclonal antibodies at room temperature for 30 min in darkness. CD42a, known as platelet glycoprotein IX (GP9), is a small membrane glycoprotein found on the platelet plasma membrane, and is used as a platelet marker. CD62p, a member of the P-selectin family, is used as an indicator of activated platelets. After staining, the cells were fixed with 1% paraformaldehyde and measured for the antibodies bound to platelet membranes using FACS array bioanalyzer (Becton Dickinson FACSArray, San Jose, CA). 10,000 platelets were acquired and the mean values of red fluorescence intensity (APC-CD62p), which corresponded to the activated platelets, were measured. These values were compared with the fluorescence intensity obtained from the PLLA group, which was set to 100% as the control.
Statistical methods
Data are expressed as mean AE standard deviation. The statistical significance between two sets of data was calculated using two-tail Student's t-test. Data were taken to be significant, when p < 0.05 was obtained.
Results

Polymer characterization
Thermal properties of the different CUPE polymers were characterized by DSC and TGA. DSC curves (Fig. 2a) showed that, under similar polymerization conditions (4 days, 80 C), the glass transition temperature of CUPEs increased with increasing isocyanate content. CUPE1.2 had the highest glass transition temperature (Sample C, T g ¼ 5.20 C) and CUPE0.6 had the lowest value (Sample A, T g ¼ 0.64 C). No crystallization or melt peaks were observed for any of the polymers examined. Post-polymerization conditions were also observed to affect the T g . CUPE1.2 pre-polymer had a lower value of T g (Sample D, À6.31 C) compared to the CUPE1.2 sample which had been post-polymerized (crosslinked) at 80 C for four days (sample C). TGA was used to determine the effect of the isocyanate content on the thermal stability of the CUPE polymers. Results from TGA curves (Fig. 2b) , which are characteristic of carbonyl groups on the ester bond. The carbonyl groups of the carboxylic acid side chain of citric acid also contributed to this absorbance. Methylene groups in the polymer chain were represented by the peaks between 2931 cm À1 and 2919 cm À1 in the pre-CUPE and pre-POC spectra [31] . Absorbance from the urethane bonds was observed in the form of a narrow shoulder peak at 3350 cm À1 in CUPE, while it was absent in POC spectra. Additionally, amide I and amide II vibrations were also observed at 1670 cm À1 and , respectively [19] in CUPE pre-polymers and were absent in the POC pre-polymer spectrum. Absence of a peak at 2267 cm À1 in the CUPE spectra indicated that all the isocyanate groups had been incorporated into the polymer chains (Fig. 3) . Initial contact angles of the CUPE pre-polymer films increased with increase in the hydrophobicity of the diol used in the synthesis (Fig. 4) . CA-PEGU0/1 had the smallest contact angle (42.78 AE 1.51 ) while the CUPE with 1,8-octanediol was most hydrophobic (94.20 AE 2.87 ).
Mechanical properties
The stress-strain curves of CUPE were characteristic of elastomers (Fig. 5) . The tensile strength was observed to increase with increasing the isocyanate composition during synthesis. CUPE1.2 had the highest break stress (41.07 AE 6.85 MPa), while CUPE0.6 had the least tensile stress at break (14.6 AE 1.004 MPa). There was no significant difference in the break elongation of the different CUPE polymers. Initial modulus of the different polymers ranged from 4.14 AE 1.71 MPa to 38.35 AE 4.49 MPa. The effect of polymerization conditions on the mechanical properties was also investigated. Increasing the post-polymerization time and temperature was observed to increase polymer tensile strength with a corresponding decrease in polymer elongation at break. Crosslink density between polymer chains varied in the order, CUPE1.2 > CUPE0.9 > CUPE0.6. On the other hand, both the density and the molecular weight between crosslinks varied as CUPE0.6 > CUPE0.9 > CUPE1.2 (Table 1 ).
Scaffold fabrication
Both particulate leaching and thermal induced phase separation techniques could be used to fabricate CUPE scaffolds. CUPE scaffolds fabricated by salt-leaching method are normally thicker than 500 mm and contain a lot of dead pores (data not shown) as many other salt-leached polymer scaffolds [16, 32] . The phase separation method resulted in the formation of two dimensional, highly interconnective, thin scaffold sheets (Fig. 6A and B, 150 mm thick) . Pore size in TIPS scaffolds was dependent on the quenching temperature and ranged between 50 mm and 200 mm (Fig. 6B ). SEM and LIVE/ DEAD assay indicated that an even cell distribution could be achieved on the thin CUPE scaffolds prepared using TIPS (Fig. 6C and D) . Polymerization conditions were 80 C treatment for 2 days, unless otherwise specified. 
In vitro degradation studies
Degradation profiles of the different polymers are presented in Fig. 7 . Polymers with higher isocyanate content exhibited faster degradation rates in both PBS and NaOH. CUPE1.2 demonstrated a mass loss of 16 AE 0.32% after two months in PBS, while CUPE0.6 lost only 8.13 AE 2.04% of its initial mass under similar conditions (Fig. 7a) . Increasing the polymerization time made the CUPE polymers more resistant to degradation (Fig. 7b) . Degradation rate was observed to be a function of the choice of diol used in the synthesis, the isocyanate content, and the post-polymerization conditions. Increasing the hydrophilicity of the diol used in the synthesis resulted in faster degradation rates as evidenced by the faster rate of degradation of the CUPE polymers containing poly (ethylene glycol) (PEG) in different ratios (Fig. 7c) .
Biocompatibility evaluation
Biocompatibility was initially evaluated by observing cell adhesion on CUPE films. NIH 3T3 fibroblasts and human aortic smooth muscle cells (HASMCs) were used as model cell lines. SEM images show that the cells attached and proliferating on the CUPE films (Fig. 8) . Moreover, the in vitro appearance of the cells was consistent with that reported in literature.
Cell adhesion and proliferation were quantitatively evaluated using the MTT assay. Results indicated that initially (at day 1 and day 3) a larger number of cells attached to the CUPE surface compared to PLLA control films (Fig. 9) . Cells continued to proliferate and increased in number over the 1-week study period, wherein both CUPE and PLLA had comparable cell numbers.
Foreign body response was studied by subcutaneous implantation of CUPE films and salt-leached scaffolds in Sprague Dawley rats with PLLA as a relative control. Both CUPE and PLLA implants were surrounded by well defined fibrous capsules at both 1-week and 4-week time points (Fig. 10) . The fibrous capsules surrounding the CUPE implants (film: 245.3 AE 13.46 mm; scaffold: 436.6 AE 29.42 mm) (Fig. 10A,B) were substantially thinner than those surrounding the PLLA implants (film: 314.23 AE 17.48 mm, p < 0.001 compared to CUPE film; scaffold: 584.63 AE 49.83, p < 0.001 compared to CUPE scaffold) (Fig. 10C,D) at the 1-week time point. There was a significant reduction in capsule thickness at 4 weeks, for both the CUPE and PLLA implants. Fibrous capsules around CUPE films and scaffolds showed a reduction of 14% and 47.8%, respectively (Fig. 10E,F) , compared to the 1-week implants. There was a reduction of 28% and 58% in the thickness of the fibrous capsules surrounding the PLLA films and scaffolds, respectively (Fig. 10G,H) , at 4 weeks. Capsule thickness was comparable for both CUPE and PLLA implants at 4 weeks. These results suggest that CUPE implants may incite a weaker inflammatory response than PLLA implants. It should also be noted that no necrotic tissues were found on both CUPE and PLLA implants at both time points.
Platelet adhesion and activation
Platelets were found to adhere to both CUPE and PLLA (Fig. 11) . However, there was a distinct difference in morphology of the The different polymers used in the PBS degradation study were polymerized at 80 C for 2 days (a). CUPE0.9 polymer was used to study the effect of different post-polymerization conditions on the degradation rate of CUPEs (b). Effect of diol composition used for CUPE synthesis on degradation profiles was also studied. All the different CUPE polymers listed were polymerized for 2 days at 80 C (c). **p < 0.01; N ¼ 5.
adhered platelets. Platelets on CUPE were mostly round without any cytoplasmic extensions (Fig. 11A and B) . On the other hand, majority of the platelets on PLLA discs were in the spread dendritic phase, a morphology, which is characterized by flattened platelets (Fig. 11C and D) with extensive pseudopodial processes. This extended morphology of platelets has been demonstrated as an indicator of platelet activation [33] . LDH assay was used to quantify adhered platelet numbers on PLLA and CUPE surfaces. Absorbance values of both CUPE and PLLA were normalized with respect to TCP. The normalized absorbance of PLLA samples (344.6 AE 32.4%) was significantly greater than that of the CUPE samples (212.3 AE 88.2%) (Fig. 12) . The degree of platelet activation was assessed by using flow cytometry to measure the expression of P-selectin on the membranes of activated platelets. As shown in Fig. 13 , the results showed that activation degree of the platelets exposed to CUPE is less (w13%) than that of the platelets exposed to PLLA (N ¼ 8, p < 0.05).
Discussion
The poor mechanical properties of currently existing polyester elastomers like poly(diol citrates) and PGS place a limit on their utility for engineering tissues like ligaments and tendons which are high load bearing tissues. The weak nature of these materials also raises questions about how these scaffolds stand up to surgical handling. The polymer industry has created strong polymers like polyamides and polyurethanes in which strong hydrogen bonding between the amide bonds and urethane bonds, respectively, plays an important role in determining the mechanical strength of the material. In this work, we synthesized and evaluated a new generation of biodegradable polyester elastomers, crosslinked urethane-doped polyester (CUPE) elastomers by combining the advantages of crosslinked polyesters and polyurethanes. CUPE is a crosslinked polymer network, in which, ester bonds act as interchain crosslinks and urethane bonds are doped in the polymer chains.
In the present paper, pre-CUPE was synthesized by the chain extension of pre-poly(1,8-octanediol citrate) (pre-POC) using 1,6-hexamethyl diisocyanate (HDI) as a chain extender. HDI was chosen for the synthesis of CUPE because it has previously been used in the synthesis of various biodegradable polyurethanes (BPUs) [21, [34] [35] [36] [37] [38] and has shown to result in higher molecular weight polyurethanes compared to other diisocyanates which are commonly used in BPU synthesis [21, 39] . The molar concentration of HDI incorporated was varied to examine the effect of different degrees of chain extension on polymer properties. As revealed by material characterization techniques, the resulting CUPE polymers have a wide range of mechanical properties, degradation rates and surface properties.
Additional urethane peaks and amide peaks observed in the FT-IR spectrum of the CUPE pre-polymer were absent in the POC spectrum. This confirmed the incorporation of urethane linkages in the polymer chain. The presence of free carboxylic acid and hydroxyl groups also allows for further chain extension or the possibility of biofunctionalization, if needed.
Initial contact angles of the different CUPE pre-polymers were not affected by differences in the amount of HDI incorporated into the polymer chain (data not shown). This is likely due to the fact that the urethane bonded segment forms a small portion of the polyester chain and may not greatly influence the wettability of the material. Moreover, the urethane groups which are inserted into the polymer backbone are polar in nature and would offset the hydrophobicity of the methyl groups in HDI. From these observations, it was hypothesized that the contact angle of the material was instead determined by the diol that was used during synthesis. This hypothesis was tested by incorporating different molar ratios of polyethylene glycol (PEG) in the diol segment of the polymer chain. Changing the bulk composition of the polymer chain by incorporation of more hydrophilic PEG in the diol segment reduced the initial contact angle. CA-PEGU0/1 showed the smallest initial contact angle (42.78 AE 1.51 ), because of the bulk PEG in the polymer chain. The initial contact angle increased when some portion of or all the PEGs was replaced with the relatively more hydrophobic 1.8-octanediol.
The low T g of all the CUPE polymers and the absence of crystallinity confirmed by X-ray diffraction spectroscopy (data not shown) demonstrated their amorphous nature at 37 C. The T g of a polymer is a measure of the ease of chain mobility. In the presence of factors which restrict the movement of the polymer chains, the T g increases. Typically, polymers with stronger intermolecular forces have more restricted chain mobility and hence higher glass transition temperatures. The T g of all the CUPEs was observed to be higher than the T g of POC [5] . This is attributed to the additional hydrogen bonding between urethane bonds in the CUPE network compared to the POC network, which contributes to more restricted chain mobility. The T g of the different CUPE polymers increased with increasing isocyanate content during synthesis. Higher T g of CUPE1.2 is attributed to the larger number of urethane bonds in the backbone of CUPE1.2 and therefore increased interchain hydrogen bonding. The introduction of ester crosslinks upon post-polymerization further restricted the chain mobility and increased the T g of the CUPE in comparison to the pre-CUPE. Higher molecular weight and intermolecular hydrogen bonding also increased the thermal stability of the CUPEs with higher isocyanate content. Crosslinked polymers were more thermally stable compared to their corresponding pre-polymers due to the presence of thermally labile ester crosslinks. From Table 1 it can be seen that for similar conditions, the CUPE1.2 had higher density of interchain crosslinks, which could also contribute to the higher glass transition temperature and decomposition temperatures. Incorporation of diisocyanate and subsequent participation of urethane bonds as inter-chain crosslinks could explain the significantly lower density of CUPE1.2 compared to CUPE0.6. Under reaction conditions excess diisocyanate in the reaction mixture would be forced to react with the hydroxyl and carboxyl pendant groups of the citric acid monomer forming urethane bonds and amide bonds, respectively. The incorporation of a long chain (in this case, 6 carbon chain) crosslinks between the polymer molecules would increase the inter-chain volume and subsequently result in reduced density.
Mechanical properties of CUPE could be modified by varying three different parameters: (a) choice of diol, (b) choice of isocyanate and its molar ratio used during synthesis and (c) post-polymerization conditions. This allows greater flexibility in controlling the strength and elasticity of the material as compared to other network polyesters, which rely on choice of monomer and postpolymerization conditions alone [4, 5] . Higher tensile strength of CUPE could be obtained by increasing the amount of isocyanate used during synthesis (Table 1) or post-polymerization time and temperature (Fig. 5b,c) . The tensile strength of CUPE films varied from 14.6 AE 1.004 MPa to 41.07 AE 6.85 MPa, and elongation at break up to 337 AE 6% were obtained under the synthesis conditions investigated. This is a dramatic improvement over the previously characterized poly(diol citrates) which had tensile strength values in the range of 2.93 AE 0.09 MPa to 11.15 AE 2.62 MPa [16] . The elongation of the polymers can be tailored to match that of the soft tissues such as arteries and veins which exhibit ultimate elongation of up to 260% [40] . The mechanical properties of a scaffold are directly related to that of the polymer used to fabricate it; CUPE could be used to make stronger scaffolds for a more diverse range of tissue engineering applications as opposed to poly(diol citrates). Interestingly, although CUPE1.2 had the highest degree of crosslinking, it also exhibited the fastest degradation in both phosphate buffered saline (PBS) (Fig. 7a ) and 0.05 M NaOH (Fig. 7b ). This could be attributed to the lower density and consequently larger interchain volume of the CUPE1.2 polymer, as seen from Table 1 . The higher inter-chain volume would allow greater access to the hydrolytically labile ester bonds in the crosslinks and the polymer backbone. CUPEs containing PEG in the backbone degraded fastest due to their hydrophilic nature as compared to CUPE with 1,8-octanediol only. Thus, it is possible to formulate a large family of CUPE polymers by varying the choice and the molar composition of diols (including macrodiols such as PEG), isocyanate (HDI, BDI, lysine diisocyanate) during synthesis. This family would show a wide control on their mechanical properties and degradability. The details of CUPE family will be the topic of future publications. The biocompatibility of CUPE was evaluated by both in vitro cell culture and in vivo animal implantation studies. The growth and proliferation of 3T3 fibroblasts and HASMCs in the in vitro study demonstrated good material-cell interaction. Quantitative assays further confirmed that cells grew and proliferated on CUPE films.
In vivo studies were conducted to assess the acute and chronic tissue responses to CUPE compared with a commonly used degradable polymer -PLLA. The degree of inflammation was assessed by measuring the thickness of the fibrotic capsule surrounding the implants at 1-week and 4-week time points. The presence of a thinner capsule 1 week after implantation suggests that CUPE may be less pro-inflammatory compared to PLLA.
Hemocompatibility of CUPE was evaluated by determining the extent of platelet adhesion and activation upon material contact. Platelets in the blood may be stimulated by contact with an implant surface. The subsequent formation of thrombi is one of the main causes of the failure of blood contacting devices like arterial stents and synthetic vascular grafts [41, 42] . Thromboresistance is therefore one of the primary design requirements for an ideal synthetic vascular graft material [43] [44] [45] [46] . Results from the platelet adhesion studies indicated that CUPE adhered fewer platelets compared to PLLA (Fig. 12) . Moreover, it was also observed that platelets were bound passively on CUPE samples, as evidenced by their round morphology (Fig. 11A,B) . Active binding with morphological changes associated with platelet activation was observed in platelets bound to PLLA (Fig. 11C,D) . CUPE was also observed to activate lesser platelet numbers compared to PLLA, as indicated by flow cytometry studies (Fig. 13) . The reduced tendency to adhere and activate platelets compared to PLLA implied that CUPE is more thromboresistant than PLLA and is, therefore, less likely to initiate thrombosis when used as a vascular graft substitute in vivo.
Compared to poly(diol citrates) and PGS, CUPE also demonstrated more versatile processability. Only limited methods can be employed for the fabrication of porous poly(diol citrates) or PGS scaffolds, with particulate/salt leaching being the only one utilized method so far. Due to their low molecular weights, pre-polymers of poly(diol citrates) and PGS are not suitable for other scaffold processing technologies such as freeze-drying or electrospinning because of their intrinsic sticky nature. The CUPE pre-polymer, however, comprises of long polymer chains as a result of the chain extension carried out by the urethane bonds in the polymer backbone. The higher molecular weight of the CUPE pre-polymers allows the use of other scaffold fabrication technologies such as thermal induced phase separation (freeze-drying) and potentially electrospinning (fiber fabrication). In order to demonstrate this point, porous CUPE scaffolds were fabricated by both salt leaching and TIPS. The TIPS scaffolds also demonstrated good cell growth and proliferation with an even cell distribution. Thus, the evenly cell-distributed soft and elastic CUPE scaffolds can potentially be stacked into 3-dimensional (3-D) tissue constructs with even cell distribution throughout the construct. Further studies on the tissue construction based on 3-D CUPE scaffold sheets are underway and will be the subject of future publications.
Conclusion
We have developed a new class of soft but strong biodegradable elastomers, crosslinked urethane-doped polyesters (CUPEs). CUPEs demonstrated a wide range of mechanical properties and tunable degradation properties, and have greater processability than the currently available crosslinked polyester networks in designing scaffolds with desired mechanical properties. CUPEs could be synthesized by a simple and cost-effective method and have been shown to be anti-thrombotic and only slightly inflammatory. The introduction of CUPEs should contribute to biomaterials science and meet the increasing need for functional biomaterials in tissue engineering and other biomedical applications. Relative Platelet Activation (%) ** Fig. 13 . Determination of platelet activation by measuring the expression of membrane P-selectin on the platelet plasma membrane. Membrane P-selectin on platelets incubated with CUPE1.2 and PLLA samples (N ¼ 8) was tagged with fluorophore conjugated CD62p (membrane P-selectin) monoclonal antibodies. The expression was analyzed by flow cytometry. Readings were normalized with respect to P-selectin expression on platelets exposed to TCP (control samples). *p < 0.05 and **p < 0.01. N ¼ 8 in all groups.
